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(57) ABSTRACT 

A multi-stage diffuser noZZle for use as a drill bit noZZle jet 
includes a ?oW restriction portion upstream of a ?udic 
distributor portion, and also preferably includes a transition 
region betWeen these tWo. The ?oW restrictor communicates 
With the interior ?uid plenum of a drill bit and is used to limit 
or choke the total ?oW of drilling ?uid by having a relatively 
small cross-sectional area for ?uid ?oW. The ?uidic distribu 
tor communicates With the ?oW restrictor and reduces the 
exit ?oW velocities of the drilling ?uid as the drilling ?uid 
is ejected from the noZZle by providing a relatively larger 
cross-sectional area for ?uid ?oW. The ?uidic distributor 
also directs the ?oW paths of the drilling ?uid to locations 
such as cone surfaces that are prone to bit balling. The 
transition region is an area that dampens ?uid pressure 
oscillations in the drilling ?uid. 

44 Claims, 13 Drawing Sheets 
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MULTI-STAGE DIFFUSER NOZZLE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Not Applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not Applicable. 

BACKGROUND OF THE INVENTION 

Nozzle jets have been used for several years in rotary cone 
rock bits both in or near the center of the rock bit and around 
the peripheral edge of the bit to encourage cone cleaning, to 
enhance removal of debris from a borehole bottom, and to 
ef?ciently cool the face of the rock bit. 

Rotary cone rock bits are typically con?gured With mul 
tiple jet noZZle exits spaced at regular intervals along the 
periphery of the bit. High velocity ?uid from these jet 
noZZles impacts the hole bottom and removes rock cuttings 
and debris. Center jets are also used in rotary cone rock bits 
for a variety of reasons. These include enhanced cone 
cleaning, protection against bit balling, and increased total 
?oW of drilling ?uid through the drill bit Without creating 
Washout problems. 

Too much drilling ?uid exiting the peripheral jets is 
believed to encourage undesirable re-circulation paths for 
drilling ?uid at the bottom of the Wellbore. In fact, all else 
being equal, it is thought desirable to have all or nearly all 
the drilling ?uid exit the center jet. HoWever, due to erosion 
concerns typically only 15 to 30 percent of the total hydrau 
lic ?uid (drilling ?uid or drilling mud) ?oW passes through 
the center jet, With the remainder of the mud being jetted 
through the peripheral noZZles. In particular, excessive drill 
ing ?uid ?oW through the center jet causes ?oW erosion at 
the cutter surfaces, resulting in premature failure of the rock 
bit. Even When ?uid ?oW through the peripheral jets might 
be desirable, such as for cleaning the cutting teeth on the 
roller cones in sticky formations, excessive erosion of the 
cone shell and other components is a concern. 

Many techniques have been used in an effort to optimiZe 
the bit hydraulics by modifying the noZZle con?guration on 
the peripheral jets by moving the noZZle closer to the hole 
bottom, changing the noZZle jet vector, or both. US. Pat. 
Nos. 4,687,067; 4,784,231; 4,239,087; 3,070,182; 4,759, 
415; 5,029,656; and 5,495,903 teach modi?cations to the 
peripheral jets to improve the bit hydraulics, and each is 
hereby incorporated by reference for all purposes. 

Three different types of noZZles are commonly used in 
center jet applications ie the diverging diffuser noZZle, the 
standard, non-diverging noZZle and the mini-extended 
noZZle. A less commonly utiliZed center jet noZZle has 
multiple discharge ports. Multiple exit noZZles are desirable 
since they offer the most ?exibility to the designer to orient 
the ?oW patterns to clean the cutters or to improve borehole 
cleaning. HoWever, multiple exit noZZles have tWo major 
design problems. First, the siZe for each of the exit ports is 
necessarily small because the total ?oW area (TFA) of a 
multiple exit noZZle is equal to the sum of the exit areas and 
to keep the total ?oW to Within tolerable limits, the indi 
vidual exit noZZles are necessarily small. As a result, the jet 
noZZle is prone to plugging. Second, the small noZZle siZe 
does nothing to reduce the exit ?oW velocity. Even though 
the ?oW is redirected, high ?uid ?oW rates through each 
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2 
noZZle pointed toWard metal components Will likely lead to 
surface erosion and possible catastrophic failure. 
A drill bit is needed that provides more efficient drilling 

?uid ?oW from the bottom of the borehole Without increased 
erosion concerns around the drill bit. Ideally, this could be 
accomplished by a novel jet noZZle design or combination, 
so that the basic drill bit design Would remain unchanged. 

SUMMARY OF THE INVENTION 

Adisclosed embodiment of the invention is a drill bit With 
one or more attached multi-stage diffuser noZZles. The 
noZZles of this embodiment include a ?oW restrictor com 
ponent distinct from a ?uidic distributor component, alloW 
ing the selective matching of different siZed or shaped ?oW 
restrictors and ?uidic distributors. The ?oW restrictor has an 
internal passage to carry ?uid from the liquid plenum of the 
drill bit, the internal passage including a throat of effective 
cross-sectional area A05. The ?uid distributor, doWnstream 
from the ?oW restrictor, includes a ?uid exit region With an 
effective cross-sectional area A15 greater than AOE. 

This embodiment of the invention may also include 
numerous variations. For example, the ?uidic distributor 
may be designed to project drilling ?uid toWard the hole 
bottom at a variety of desired angles. To minimiZe undesired 
pressure ?uctuations in the drilling ?uid, a transition region 
of effective cross-sectional area A2 may be added, either as 
a distinct component or not. Effective cross-sectional area 

A2 Would therefore be larger than either AOE or A15. The 
drill bit may also be designed so that the diffuser noZZle is 
either closer to the longitudinal axis of the bit or the 
periphery of the bit. 
A second embodiment of the invention is a noZZle body 

Which may be manufactured from only a single component. 
This noZZle body includes a ?rst set of one or more passages 
at an upper end that, combined, are a ?rst cross-sectional 
area. It also includes a second set of one or more passages 

at a loWer end that, combined, are a second cross-sectional 
area, the second cross-sectional area being greater than the 
?rst cross-sectional area. In addition, the second set of 
passages directs at least a portion of the ?uid along a vector 
that is not collinear With the central axis of the noZZle body. 
Similar to the ?rst embodiment, this embodiment may 
advantageously include a transition region betWeen the ?rst 
and second sets of passages, the transition region having a 
cross-sectional area that is greater than either of the ?rst or 
second cross-sectional areas. The ?rst and second sets of 
passages may have a variety of con?gurations. For example, 
their cross-sectional areas may vary along their lengths, they 
may be circular or non-circular, they may direct drilling ?uid 
from exit ports in the ?uidic distributor at a variety of angles, 
they may be straight or curved, etc. 

Athird embodiment of the invention may be expressed as 
a method of controlling ?uid ?oW through a drill bit. This 
method includes loWering the ?uid pressure of drilling ?uid 
?oWing through a drill bit from an initial pressure (such as 
that present inside the ?uid plenum) to a choke pressure, 
dampening the ?uid pressure oscillations in the drilling 
?uid, and increasing the ?uid pressure to an exit pressure 
(such as that present in the annulus of the Wellbore). The exit 
pressure is necessarily higher than the choke pressure in this 
embodiment. The drilling ?uid pressure may be loWered to 
the choke pressure by a ?rst single passage, for example. 
The drilling ?uid pressure may then be raised to the transi 
tion pressure by a second passage having a cross-sectional 
area greater than that of the ?rst single passage. One 
implementation of this embodiment ensures that the differ 
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ence between the initial pressure and the transition pressure 
is greater than the difference of the transition pressure and 
the eXit pressure. 

The various characteristics described above, as Well as 
other features, Will be readily apparent to those skilled in the 
art upon reading the following detailed description of the 
preferred embodiments of the invention, and by referring to 
the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more detailed description of the preferred embodi 
ment of the present invention, reference Will noW be made 
to the accompanying draWings, Wherein: 

FIG. 1 is a front vieW of a drill bit including a multi-stage 
diffuser noZZle; 

FIG. 2 is a close-up vieW of FIG. 1; 

FIG. 3 is a cut-aWay vieW of a ?rst ?oW restrictor; 

FIG. 4 is a bottom vieW of a ?rst ?uidic distributor; 

FIG. 5 is a cut-aWay side vieW of the ?rst ?uidic distribu 
tor; 

FIG. 6 is a ?rst pressure/distance graph; 
FIG. 7A is a second pressure/distance graph; 
FIG. 7B is a multi-stage diffuser noZZle shoWing various 

?uid pressure locations; 
FIGS. 8A and 8B are bottom and cut-aWay side vieWs of 

an alternate multi-stage diffuser noZZle; 
FIGS. 9A—9D are vieWs of another multi-stage diffuser 

noZZle; 
FIGS. 10A and 10B are bottom and cut-aWay side vieWs 

of yet another alternate multi-stage diffuser noZZle; 
FIGS. 11A and 11B are bottom and cut-aWay side vieWs 

of a variation to the multi-stage diffuser noZZle design; 
FIGS. 12A and 12B are bottom and cut-aWay side vieWs 

of an alternate multi-stage diffuser noZZle; 
FIGS. 13A—13D are bottom and cut-aWay side vieWs of 

an alternate multi-stage diffuser noZZle. 
FIG. 14 is a graph of the pressure drop characteriZation of 

a noZZle set used as a standard to determine the equivalent 
noZZle siZe for a restrictor and distributor noZZle compo 
nents. 

FIG. 15 is a bottom vieW of a noZZle shoWing central and 
non-central eXit ports. 

FIGS. 16A—C illustrate angled inlet passages for a multi 
stage diffuser noZZle. 

FIG. 17 is a cut aWay vieW of a How restrictor having tWo 
?oW passages. 

FIGS. 18A—18C are Figures of a multi-stage diffuser 
noZZle having differently siZed eXit passages. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

With reference noW to FIG. 1, rotary cone rock bit 
generally designated as 10 consists of rock bit body 12, pin 
(upper) end 14 and cutting (loWer) end generally designated 
as 16. A ?uid chamber or plenum 13 is formed Within bit 
body 12. The plenum 13 communicates With open pin end 
14. Drill bit ?uid or “mud” enters the bit body through the 
pin 14 via a drill pipe attached to the pin (not shoWn). A 
dome portion 17 de?nes a portion of the plenum 13 Within 
body 12. Rock bit legs 20 eXtend from bit body 12 toWard 
the cutting end 16 of the bit. A cutter cone 18 is rotatably 
?Xed to leg 20 through a journal bearing extending into the 
cone from the leg backface 22 of the leg 20 (not shown). 
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4 
Also shoWn is a multi-stage diffuser noZZle 30 according 

to a ?rst embodiment of the invention. The multi-stage 
diffuser noZZle 30 of FIG. 1 generally includes tWo 
components, an upper ?oW restrictor 34 stacked on top of a 
loWer ?uidic distributor 36. Fluidic distributor 36 and How 
restrictor 34 are inserted through the pin end 14 of the drill 
bit to a noZZle receptacle region 32. The multi-stage diffuser 
noZZle 30 is, for example, metallurgically bonded or Welded 
33 to the dome 17 of the bit 10. 

FIG. 2 is a close-up vieW of the multi-stage diffuser 
noZZle 30 in drill bit body 12. NoZZle retention ?ange 26 of 
receptacle 32 provides a stop for shoulder 43 of ?uidic 
distributor noZZle body 37. An O-ring 41 is positioned 
adjacent the periphery of shoulder 43 and an inner Wall 
formed by receptacle 32 prior to insertion of choke noZZle 34 
upstream and adjacent to noZZle 36. A noZZle assembly 
retainer 38 is threaded into noZZle receptacle 32 after the 
choke noZZle is positioned adjacent to noZZle 36. A noZZle 
retention shoulder 47 and O-ring groove 48 is formed in the 
inner Wall of the retainer 38. Shoulder 47 seats against body 
35 of choke noZZle 34 and the O-ring 41 inhibits leakage of 
?uid by the choke noZZle. Rounded entrance 39 provides a 
relatively non-turbulent entry for drilling ?uid from chamber 
13 formed by bit body 12. 

FIG. 3 depicts the How restrictor of FIGS. 1 and 2, 
generally a ?rst noZZle designated as 34. NoZZle 34 is 
positioned upstream of and adjacent to a ?uidic distributor 
generally designated as 36. The How restrictor body 35 
forms an inlet opening 44 that Widely diverges toWard outlet 
opening 45. For the pictured ?oW restrictor, inlet opening 44 
is the location of minimum cross-sectional ?oW area, a 
location de?ned as the throat of the How restrictor 34. Of 
course, a similar effect could be obtained by inverting the 
How restrictor to make opening 45 an inlet and opening 44 
an outlet. 

FIGS. 4 and 5 depict the ?uidic distributor 36 of FIGS. 1 
and 2. FIG. 4 is a bottom vieW of the ?uidic distributor 36, 
shoWing four equally-sized eXit ports 42 at non-central 
locations. Thus, multiple eXit ports or noZZle outlets 42 
formed in body 37 include at least one eXit port disposed at 
an angle to the longitudinal aXis of the ?uidic distributor 36 
(i.e. at a non-central location). FIG. 5 is taken along the cut 
line 5—5 of FIG. 4. As shoWn in FIG. 5, ?uidic distributor 
36 has noZZle body 37 With ?uid inlet 40, in addition to eXit 
ports 42. The cross-sectional area of this second noZZle is the 
minimum cross-sectional area of each eXit passage, added 
together. Consequently, the total summed area of the eXit 
ports 42 is greater than the cross-sectional area at the throat 
of How restrictor 34. 

Referring to FIGS. 1—5, the combination of the stacked 
noZZles 34 and 36 provides for independent control of the 
noZZle system choke mechanism and noZZle eXit velocity 
mechanism. The How restrictor 34 is used to choke the How 
of ?uid through the multi-stage diffuser noZZle 30. Its most 
salient feature therefore is the small cross-sectional area of 
its throat channel, in this instance the inlet opening 44, and 
the accompanying pressure drop in the ?uid passing through 
the inlet opening 44. The purpose of the second noZZle 36 is 
to reduce the drilling ?uid eXit ?oW velocities such that they 
Will not erode the cone material (labeled 16 in FIG. 1), as 
Well as to direct the How paths of the drilling ?uid to 
advantageous locations such as cone surfaces that are prone 
to bit balling. 
The purpose of having a smaller area through the restric 

tor noZZle 34 than through the distributor noZZle 36 is to 
force most of the pressure drop across the noZZle system 30 
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to occur across the restrictor nozzle 34. In other Words, a 
larger pressure drop occurs across the restrictor nozzle 34 
than across the distributor nozzle 36, and for the same total 
pressure drop across the system, a loWer pressure drop 
occurs across distribution nozzle 36. The reduced pressure 
drop across the distribution nozzle 36 equates to loWer 
nozzle exit velocities for the drilling ?uid. Thus, many 
aspects of the invention can be characterized by a descrip 
tion of the relative pressure drops across a restrictor nozzle 
34 and a distributor nozzle 36, or equivalent structure. 

The How rate through the multi-staged nozzle is adjusted 
by changing the ori?ce size of the How restrictor 34. The 
average volumetric ?oW rate “Q” of the drilling ?uid 
through an ori?ce, can be used to calculate the average 
velocity using the folloWing equation: 

(1) 

Where, 
Q=Volurnetric ?oW rate through the ori?ce; 
V=Average velocity of the ?uid ?oWing through the 

ori?ce; and 
A=Effective cross-sectional area of the ori?ce. 
Thus, as a given throat size of the How restrictor is 

changed, the total ?oW through the multi-stage nozzle can be 
controlled. 

The nozzle exit velocity of the drilling ?uid is then 
controlled by the ?uidic distributor 36. One aspect of the 
invention is that the total effective exit area from nozzle 36 
is larger than the effective area of the throat in the choke 
nozzle 34. This loWers the exit ?oW velocity. Of course, the 
same principles could be used to increase the exit ?oW 
velocity by making the effective cross-sectional area of the 
How distributor smaller than the How restrictor, but bit 
designers are generally not seeking higher exit ?oW veloci 
ties in the locations Where this invention Would be proposed 
for use. 

The average velocity of a ?uid as it leaves each jet exit 
hole can then be determined by dividing the total volume 
?oW rate (Q) through the multi-stage nozzle by the total 
nozzle exit area (A15) at the How distributor. Because the 
total ?oW rate through the How restrictor must be equal to 
the How rate through the ?uidic distributor, it can be 
determined from equation (1) that: 

2 _ Ai <Z> 
V1 _ A05 

Where, 
VO=Velocity of the ?uid through the throat in the How 

restrictor; 
V1=Velocity of the ?uid at the exit of the ?uidic distribu 

tor 

AOE=Effective area of the throat in the How restrictor; 
A1E=Effective area of the exit ports of the ?uidic dis 

tributor. 
Because the total effective nozzle exit area, A15, is larger 

than the effective cross-sectional area of the throat, AOE, the 
velocity of the ?uid exiting the multi-stage diffuser nozzle, 
V1, is loWer than the velocity of the ?uid as it ?oWs through 
the throat, V0. In fact, by use of equation (2) the exit velocity 
can be predictably controlled by increasing or decreasing the 
total effective nozzle exit area. 

To understand the differences betWeen various nozzle 
designs, the concept of an effective nozzle exit area should 
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6 
be explained. Effective nozzle size or effective cross 
sectional area are terms used to describe the comparison of 
nozzle geometries based upon their pressure drop charac 
teristics under ?uid ?oW conditions. For example, When a 
given nozzle of certain design is exposed to a particular ?uid 
?oW, a speci?c pressure drop occurs across the nozzle. 
Another nozzle of the same general design but having a 
different throat diameter, under the same ?oW conditions, 
Will produce a different pressure drop than the ?rst nozzle. 
Thus, tWo nozzles having the same general nozzle design, 
under the same ?oW conditions, produced different pressure 
drops because of different throat areas. Similarly, tWo nozzle 
systems having signi?cantly different internal geometries 
but the same throat diameter Will likely produce different 
pressure drops, even under the same ?oW conditions. The 
energy losses associated With the different internal geom 
etries Will cause dissimilar pressure drop responses. For 
instance, a nozzle design With a smooth, streamlined 
entrance to the exit ori?ce Will have a loWer pressure drop 
than a nozzle With the same throat diameter but having a 
sharp 90 degree edge entrance. Consequently, depending on 
the design of the restrictor nozzle 34 and the distributor 
nozzle 36, the pressure drops across each may not accurately 
re?ect their relative physical area sizes. In other Words, if the 
design of the How restrictor 34 is inef?cient because of the 
selected geometry of the nozzle, its physical or measured 
throat diameter may actually be larger than the distributor 
nozzle 36. Nonetheless, the pressure drop across the restric 
tor nozzle 34 Would still be greater than that across the 
distributor nozzle 36, making the restrictor nozzle a choking 
nozzle. 
The effective cross-sectional area for a nozzle can be 

determined by measuring its pressure drop and comparing 
this pressure drop against a set of measurement made for a 
standard or baseline nozzle con?guration. For example, 
assume that a nozzle system made With design “A” is 
considered the standard or baseline nozzle system. Pressure 
drop measurements could be made for design “A” at a 
variety of nozzle sizes and How rates. FIG. 14 shoWs the 
pressure drop characteristics for a How rate of 25 GPM 
(gallons per minute). A neW nozzle system With design “B” 
having a physical throat diameter of 14/32“ (and an area of 
0.15 m2) is tested With a How rate of 25 GPM. If the internal 
geometries of baseline nozzle system design “A” and nozzle 
design “B” Were generally the same, the expected pressure 
drop across nozzle design “B” Would be approximately 50 
PSI. HoWever, due to its different internal geometry, the 
pressure drop of nozzle design “B” is 70 PSI, Which is higher 
than the baseline standard nozzle having the same physical 
exit throat area. The effective nozzle area A5 for nozzle 
design “B” is therefore determined by locating the baseline 
nozzle area for the measured pressure drop of 70 PSI Which 
in FIG. 14 is approximately 0.13 in2. Thus, While the nozzle 
from design “B” has a physical throat area of 0.15 m2, and 
a physical diameter of 1%2 in., based on its pressure drop 
characteristics, it has an effective nozzle area of 0.13 in2 and 
effective nozzle diameter of 13/32 in. (assuming circular 
cross-section) relative to the knoWn standard baseline nozzle 
system. Through testing and subsequent evaluation, effec 
tive nozzle sizes can be determined for both the restrictor 
nozzle and the distribution nozzle (as Well as the transition 
region explained beloW). 
To further explain, the modi?ed Bernoulli equation as 

derived in “Introduction to Fluid Mechanics” can be 
employed to characterize the differences betWeen nozzle 
geometries. In its basic form the Bernoulli equation illus 
trates the relationship betWeen velocity, pressure and eleva 
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tion in a How stream Without consideration of losses 
incurred due to friction or those resulting from How sepa 
ration. In the modi?ed Bernoulli equation, energy losses 
associated With pipe friction and geometric discontinuities in 
the How ?eld are added in to help better model the real 
situation. Thus the modi?ed Bernoulli equation can be 
Written as folloWs: 

P1, P2=Fluid pressures at the inlet (P1) and the outlet (P2); 
V1, V2=Fluid velocities at the inlet (P1) and the outlet 

(P2); 
Z1, Z2=Elevation at the inlet (Z1) and the outlet (Z2); 
p=Density of ?uid; 
g=Acceleration due to gravity; 
f=Friction factor; 
D=Hydraulic diameter; 
L=Length of pipe; 
K=Minor loss coef?cient. 
Generally, in the case of noZZles, the distance L is 

inconsequential Which results in the frictional losses being 
considered negligible. HoWever, the minor loss contribution 
can substantially in?uence the How stream, especially in 
regards to noZZles. Depending on their entrance geometries, 
eXit geometries and internal ?oW path, the pressure drop 
across noZZles can be signi?cantly different even in cases 
Where the cross-sectional area at the throat and the How rates 
are the same. These differences are addressed in the modi 
?ed Bernoulli equation by the summation of the minor loss 
coef?cients “K”. Consequently, tWo noZZles having the same 
measured throat diameter but different equivalent or effec 
tive noZZle siZes Will have different loss coef?cients “K”. 

To illustrate the effect of the area on the overall ?oW rate, 
Equation (3) can be simpli?ed With the folloWing assump 
tions: First, ignore the frictional losses; second, assume the 
inlet area to the noZZle is much larger than the throat 
diameter of the noZZle; third, assume that all minor losses 
occur at the throat velocity; and fourth, ignore any changes 
in elevation. Using Equation (3), the How rate through the 
noZZle can be calculated using the equation: 

AT ZAP (4) 
Q = 1 , I — 

(K+ 1)? p 

Where: 

Q=FloW rate through the noZZle 
AP=Pressure drop across the noZZle 
AT=Physical cross-sectional area 
p=Density of ?uid 
K=Minor loss coef?cient 
Thus, the How rate through the restrictor noZZle 34 is 

directly related to the cross-sectional area of noZZle 34, at its 
minimum cross-section (i.e. at its throat), Which Will be 
referred to as the physically measured throat or AT. It is also 
related to the square root of 1/(K+1). Thus, as the minor loss 
coef?cient is increased through less ef?cient geometries, the 
noZZle becomes more restrictive and reduces the How rate 
for a ?Xed AP even though the throat diameter remains 
constant. In effect, the inef?cient geometry creates a noZZle 
that acts as a smaller, more restrictive, noZZle compared to 
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8 
a Well designed streamlined noZZle set. The geometry ele 
ment AP/(K+1)O'5 of equation 4 is called the restriction 
factor. 
As stated above, the effective noZZle siZe is determined by 

comparing the pressure drop of a neW noZZle system to some 
knoWn baseline noZZle system. If the neW noZZle is 
inef?cient, the physical throat area A01, is increased until the 
pressure drop across the noZZle matches that of the standard 
noZZle system at the same ?oWrate. This can be done 
mathematically using the restriction factor. First, assume 
that We have tWo noZZle systems, a standard noZZle system 
and a neW noZZle system. For the tWo systems to have the 
same or very similar ?oW rate vs. pressure drop 
characteristics, the How restriction factors Will be the same 
or very similar. The noZZle siZe required for the neW noZZle 
system for an equivalent pressure drop is 

(KN +1)“5 (5) 
AT/v : Ts (KS+1)0.5 

Where 
ATS=standard or baseline noZZle siZe (physical and effec 

tive are the same by de?nition for the baseline noZZle); 
ATN=Physical noZZle siZe of neW or compared noZZle; 
KN=Minor loss coef?cient of neW noZZle; and 
Ks=minor loss coef?cinet of standard or baseline noZZle 
At this point, it is easy to see that When the minor loss 

coef?cient KN of the neW noZZle is increased, likely through 
less efficient geometry, the physical throat area of the neW 
noZZle is increased to maintain an equivalent pressure drop 
across the noZZle. The effective cross sectional area ATN of 
the neW noZZle system is thus de?ned as the area, ATS, that 
characteriZes the pressure response of the neW noZZle sys 
tem. Thus, for equation 5 to balance, the physical area ATN 
Will be larger or smaller relative to the baseline noZZle to 
account for the differences in their respective minor loss 
coef?cients KN and KS. For example, assume that the 
baseline noZZle has an area ATS of 0.442 square inches and 
that KN=0.5 and KS=0.05. The physical area ATN of the neW 
noZZle system is calculated to be 0.528 square inches. 
HoWever, its effective cross sectional area Would be 0.442 
square inches based on its pressure drop response relative to 
the baseline system. Alternatively, through testing, the 
noZZle area ATN of the neW noZZle could be incrementally 
increased or decreased and tested until it had the same 
pressure drop for the given ?oW rate as the baseline noZZle. 
While there are many methods that can be used to charac 
teriZe the response of a noZZle system, the intent of such 
characteriZation for the purposes of this invention is only to 
establish the portion of the noZZle that restricts the How and 
that Which distributes the How at an average loWer velocity. 
The methodology of determining those characteristics is 
inconsequential. 
The effective cross-sectional area of the throat in the How 

restrictor portion, AOE, depends on the physical cross 
sectional area of the throat, the geometry of the entrance to 
the throat region (sharp corners at the entrance to the throat 
tend to create an obstacle to ?uid How and therefore the 
effective cross-sectional area of the throat is smaller than if 
rounded corners Were present at the entrance to the throat) 
and on certain doWnstream effects (a smooth doWnstream 
transition to a larger opening such as shoWn in FIG. 7 
enlarges the effective cross-sectional area and draWs more 
?uid through the throat than Would an abrupt doWnstream 
opening). TWo ?oW restrictors 34 having larger effective 
cross-sectional areas could be stacked together upstream of 
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a ?uidic distributor 36 to create the effect of a single ?oW 
restrictor having a throat of a smaller effective cross 
sectional area. As another example, the ?oW restrictor may 
be a pulse jet. Other discontinuities or geometric alterations 
Within the abilities of one of ordinary skill in the art may also 
be introduced to alter the ef?ciency, and therefore the 
effective cross-sectional area, of a structure. 
By coupling the ?oW restrictor noZZle 34 With the ?uidic 

distributor noZZle 36, thereby providing a noZZle design 
Where the total exit area from noZZle 36 is larger than the 
throat 44 of the ?oW restrictor noZZle, ?uid velocities exiting 
the tWo-component multi-stage diffuser noZZle can be 
reduced signi?cantly. For example, most state of the art 
noZZles have exit velocities on the order of 200—400 ft/sec. 
In contrast, the principles of the invention can be used to 
reduce the noZZle exit velocities to impingement velocities 
on the cones to 100 ft/sec. or loWer. Further, because this 
embodiment of the invention includes distinct ?oW restrictor 
and ?uidic distributor components, the choking or ?oW 
restriction behavior of the multi-stage diffuser noZZle can 
easily be controlled independent of the noZZle system exit 
velocities. In particular, the ?oW rate through the jet can be 
controlled independent of the exit ?oW velocity by selec 
tively matching a particular ?oW restrictor component With 
a particular ?uidic distributor component just prior to inser 
tion into the drill bit body. This also alloWs the decision to 
be made regarding the desired ?oW rate and exit velocity as 
late in the drilling job as possible. 

In addition, this embodiment of the invention includes a 
plenum or chamber 46 formed betWeen the choke noZZle 34 
and the multiple exit noZZle 36. The plenum 46 is an optional 
transition region With a volume and design suf?cient to sloW 
the ?uid ?oW, dampen ?uid oscillations in the ?uid ?oW, and 
generally steady the ?oW of ?uid passing through the noZZle 
assembly 30 and out the multiple exits 42 formed by noZZle 
body 37. Preferably, the transition region has an actual 
cross-sectional area greater than the actual cross-sectional 
area of the throat. By signi?cant reduction of the pressure 
surges and perturbations in the drilling ?uid, the transition 
region helps to keep actual ?oW velocities at the exit ports 
close to the average ?oW velocity, and helps ensure that the 
drilling ?uid is properly distributed among the exit ports of 
the multi-stage diffuser noZZle according to their siZe. Thus, 
although a transition region is not essential to the invention, 
it is a desirable feature of a multi-stage diffuser noZZle. 

FIGS. 16A—16C illustrate another approach to evenly 
distributing ?uid to the various ?uid exit ports. In particular, 
FIG. 16A illustrates a top vieW of a multi-stage diffuser 
noZZle body 1600 having tWo angled passage entrances 1610 
and 1620. FIG. 16B shoWs noZZle body 1600 forming a ?rst 
internal passage 1610. FIG. 16C shoWs noZZle body forming 
a second internal passage 1620. By angling the in?oW into 
the diffuser noZZle, rotational ?oW is imparted to the ?uid 
traveling from the plenum and into the diffuser, Which 
further minimiZes ?uid separation. This minimiZation of 
?uid separation results in a more even and reliable ?oW 
pattern from the exits of the multi-stage diffuser noZZle. 
Preferably, this approach is used in conjunction With a 
transition region to achieve maximum results. 

Referring again to FIGS. 4 and 5, there is another aspect 
to the invention. The ?oW distributor 36 not only controls the 
exit velocity of the ?uid, but also directs at least a portion of 
the drilling ?uid at an angle aWay from vertical or the 
longitudinal axis. As best seen in FIG. 4, the ?rst embodi 
ment of the invention includes four equally-sized exit ports 
at the bottom of the jet. As best seen from FIG. 5, these exits 
correspond to an equal number of passages disposed at an 
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angle to the longitudinal axis of the multi-stage diffuser 
noZZle. By altering the number and angle of the jet exits, 
drilling ?uid may be directed to various locations under the 
borehole. For example, ?uids exiting from the multi-stage 
diffuser noZZle may noW be directed at the cone surfaces 
Without damage to the cones for optimal cleaning. It may 
also be desirable to angle the drilling ?uid from different exit 
ports at various directions to assist the lifting of cuttings 
from the bottom of the borehole to the annulus, or to 
otherWise create and maintain ?oW Zones at the bottom of 
the borehole. Angling of drilling ?uid may also reduce 
re-circulation of the drilling ?uid near the borehole bottom, 
Which tends to interfere With efficient removal of borehole 
cuttings. 

FIG. 6 shoWs an alternate ?oW restrictor noZZle design 
100, and a corresponding pressure level-distance graph. 
FloW restrictor design 100 includes entrance 102, straight 
throat channel 104, and exit 106. As is understood by one of 
ordinary skill in the art, ?uid velocity and ?uid pressure are 
inversely related so that as the ?uid accelerates and gains 
velocity as it ?oWs its ?uid pressure drops. Thus, prior to 
entering the entrance 102 of the ?oW restrictor 100, the 
pressure of the drilling ?uid is at a relatively high pressure, 
Pi. The pressure of the ?uid drops precipitously at the 
entrance 102 from a relatively high, Pi, to a much loWer 
choke pressure, PC, corresponding to the straight throat 
channel 104 of the ?oW restrictor noZZle. This sudden drop 
in ?uid pressure causes turbulent ?uctuations in the drilling 
?uid, as is shoWn by the oscillating ?uid pressure corre 
sponding to the length of the straight throat channel 104. At 
the ?oW restrictor exit, the ?uid channel smoothly Widens, 
resulting in a rise in the ?uid pressure to an intermediate 
transition pressure, PT. The total pressure drop across the 
restrictor 100 is de?ned as APR=Pl-—PT. 

FIG. 7A shoWs a multi-stage diffuser noZZle 110 With 
longitudinal axis 118, including entrance 112, throat channel 
114, transition region 115, and ?uidic distributor portion 
116. In FIG. 7, only one exit port is explicitly shoWn, 
although it is to be understood that other exit ports at some 
angle to the longitudinal axis are also present. Also shoWn 
is a corresponding pressure level-distance graph. As With the 
?oW restrictor of FIG. 6, before ?oWing into the entrance 
112 of the ?oW restrictor 110, the drilling ?uid has an initial 
pressure, Pi, at a relatively high level. The ?uid pressure 
drops precipitously as the ?uid enters the throat channel 114 
and attains a relatively loW choke pressure, PC. The ?uid 
pressure then rises to a transition pressure, Pt, as it leaves the 
throat channel and enters the transition region 115 having a 
cross-sectional area greater than the cross-sectional area of 
the throat channel. Transition pressure P, is a ?uid pressure 
loWer than the initial pressure, Pi, but higher than the choke 
pressure, PC. It is While the drilling ?uid is in the transition 
region 115 that the perturbations and ?uctuations in the ?uid 
reduce and die doWn. Upon entering a diffuser exit channel, 
the ?uid pressure drops to a level P d loWer than the transition 
pressure, but above that of the choke pressure, PC. After 
leaving the multi-stage diffuser noZZle the ?uid pressure 
rises once again, up to an exit pressure, P6. The total 
multistage pressure drop is thus de?ned as APm=Pl-—Pe Where 
Pi>Pe. 

Referring to FIG. 7B, the pictured multistage diffuser 
includes an upper stage 300 and a loWer stage 301. The 
upper stage 300 controls the ?oW rate through the system. 
Fluid from the bit plenum 13 enters ?oW restrictor 34, Where 
it then exits into the noZZle transition region 46. The pressure 
drop (APR) across the restricting noZZle 300 is de?ned as 
APR=Pl-—PT. The loWer stage 301 is fed from the transition 
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region 46 and exits into the annular space 302 below the 
dome 17 of the bit. The loWer stage 301 is a distribution 
network that angularly directs drilling ?uid to bene?t the 
cleaning of cutting elements on the drill bit and to loWer the 
velocity of the ?uid so that it Will not erode the adjacent 
components. The pressure drop across the distribution stage 
301 is de?ned as APD=PT—PE. Desirable choking is being 
accomplished across the upper section 300 if APR>APD. This 
should correspond to a loWer average velocity at the exit of 
the loWer stage noZZle system 301. As mentioned previously, 
by measuring APR and APD, each noZZle section can char 
acteriZed in terms of its effective noZZle siZe. Assuming that 
the effective noZZle siZe of the ?oW restrictor 34 is A05 and 
the effective noZZle siZe of the ?oW distributor 36 is AlE, 
then desired choking or restricting of the noZZle is accom 
plished When AOE<A1E. 

There is therefore a distinct ?uid pressure relationship 
amongst the ?oW restrictor, the transition region, and the 
?oW distributor portions of a preferred multi-stage diffuser 
noZZle. In a ?oW restrictor portion, the drilling ?uid under 
goes a signi?cant pressure drop, Which is folloWed by a 
pressure recovery in the transition portion, and Which is 
?nally folloWed by a pressure drop corresponding to the 
?uidic distributor portion of the noZZle. Given a transition 
region of sufficient siZe, oscillations in ?uid pressure are 
reduced signi?cantly or die out prior to the ?uid ?oWing into 
the multiple exit ports of the ?uidic distributor portion. 
Obviously, this pressure relationship changes someWhat in a 
multi-stage diffuser noZZle that does not have a transition 
region or Where the transition region is very small. 
Numerous variations to these basic designs are possible. 

Referring noW to FIGS. 8A through 8B, an embodiment of 
the invention is shoWn that has a unitary (i.e. one-piece) 
body. FIG. 8A, a bottom vieW of a multi-stage diffuser 
noZZle 202, includes three circular exit ports. 210—212, each 
at a non-central location in a noZZle bottom 208. Exit ports 
211—212 are disposed at angles E and D, respectively, as 
measured With respect to a line running through the centers 
of the noZZle (as shoWn in FIG. 8A) and exit port 210. FIG. 
8B is taken along line A—A of FIG. 8A, Which runs through 
exit port 210. A multi-stage diffuser noZZle 202 includes a 
?oW restrictor region 220, a transition region 222, and a ?oW 
distributor region 224. How distributor region 224 is dis 
posed at angle A, about 15 degrees aWay from centerline. In 
this embodiment, the ?oW distributor regions associated 
With exit ports 211 and 212 are angled about 15 degrees 
aWay from centerline as Well. 

Restrictor region 220 has a throat diameter of A0. The 
transition Zone 222 has a maximum diameter greater than 
the throat diameter A0. Each exit port 210—212 (one is 
shoWn in FIG. 8B) has some (although not necessarily the 
same) diameter of Ai. With n exit ports, A0 and Ai of the 
invention are related as: 

(7) 

In other Words, the effective cross-sectional area of the 
?oW restrictor is less than the effective cross-sectional area 
of the ?uidic distributor. 

FIG. 9A is a bottom vieW of a different multi-stage 
diffuser noZZle. Three exit ports 242, 244, 246 are shoWn, 
each at a non-central location. FIG. 9B is taken along line 
B—B of FIG. 9a, and shoWs an alternate exit port design, 
including restrictor region throat diameter A, transition Zone 
diameter A, and ?oW distributor region 224. In this 
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embodiment, the transition region 222 connects to a ?oW 
distributor region 224 Which comprises, in part curved exit 
channel, Which then itself transitions into a straight channel 
parallel to the noZZle centerline. FIG. 9C is taken along line 
C—C of FIG. 9A, shoWs a ?oW distributor region having an 
exit channel and an exit port With non-circular shapes. The 
non-circular shape of the exit port may be seen more easily 
from FIG. 9D. Of course, the exit port may be of any suitable 
shape, including a slit or a square. 

FIG. 10A is a bottom vieW of yet another multi-stage 
diffuser noZZle. As before, three exit ports 252, 254, and 256, 
are shoWn (although any desired number of exit ports may 
be employed).In this embodiment exit port 256 exits from 
the side of the multi-stage diffuser noZZle. This side exit port 
may be most easily seen in FIG. 10B. 

FIG. 11A is a bottom vieW of a multi-stage diffuser noZZle 
that has a diffused exit port. Referring to FIG. 11B, taken 
along line A—A of FIG. 11A, the multi-stage diffuser noZZle 
includes throat, transition, and ?uidic distributor portions. 
Fluidic distributor portion includes a single exit channel of 
minimum diameter d1 and an exit diameter d2, With d2>d1. 
This diffusive channel Will improve the efficiency of the 
?uidic distributor and make the effective cross sectional area 
larger than if no diffusive section Were added. The diffusive 
section Will also help to further reduce exit velocity for the 
drilling ?uid. The second and third exit ports have the 
standard, circular geometry in the pictured embodiment. 

FIG. 12A is a bottom vieW of a multi-stage diffuser noZZle 
that has a curved exit channel. Referring to FIG. 12B, the 
noZZle exit channel connects to transition region 222 and 
curves outWard to an angle “C” from the noZZle centerline. 

FIG. 13A is a bottom vieW of a multi-stage diffuser noZZle 
that has a combination of the above-described exit channels 
as part of its ?oW distributor region 224. FIG. 13B is taken 
along line B—B of FIG. 13A, and shoWs an exit channel that 
branches off from the transition region, and then runs 
parallel to the noZZle centerline. FIG. 13C is taken along line 
C—C of FIG. 13A, and includes a curved exit channel. FIG. 
13D is taken along line A—A of FIG. 13A, and shoWs a 
straight exit channel. The use of different channel and exit 
port con?gurations alloWs for the design of optimal ?oW 
regimes that can emphasiZe different functions such as 
creation of desirable ?oW ?elds to prevent the build up of 
debris or by utiliZing the ?uid energy to clean the hole 
bottom or inserts on the cones. 

Of course, the multi-stage diffuser noZZle can be manu 
factured to eject drilling ?uid at any angle from each exit 
port, and different angles may be used for different exit 
ports. FIG. 15, for example, shoWs a ?oW restrictor body 
1508 having a ?rst exit port 1510 at the centerline of the 
diffuser noZZle, and a second exit port 1512 disposed at a 
distance from the central noZZle. Any number of exit ports 
may be drilled or otherWise formed as part of the ?uidic 
diffuser, and extension noZZles may be added to one or more 
of the exit ports for any desired purpose, such as to add 
length or additional ports. The design may even be altered so 
the purpose of the ?oW restrictor or ?uidic distributor is 
accomplished by the combined action of multiple passages 
or channels. 

FIG. 17 is a cut aWay vieW of a ?oW restrictor having tWo 
?oW passages. 

FIGS. 18A—18C are FIGS. of a multi-stage diffuser noZZle 
having differently siZed exit passages. 
The multi-stage diffuser noZZle provides the drill bit 

designer great ?exibility. Because the exit velocities of the 
drilling ?uid from the noZZle jets can be reduced 
signi?cantly, it alloWs a substantially higher fraction of 










